
Aft-00 <|-€03 

bsro--m-o3<fl 

A Feasibility Study of Using 

Oxygen Enrichment for Fuel Cell 

Air Independent Propulsion 

G.A. Clark and MJ. Rowan 

DTIC QUALITY INSPECTED 4 

APPROVED FOR PUBLIC RELEASE 

©   Commonwealth of Australia 

19970307 049 
DEPARTMENT    OF    DEFENCE 

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION 



j THil UNITED STATES NATIONAL j 

1 TECHNICAL    INFORMATION    SERVICE ! 
13  AUTHORISED TO | 

| h£PRODUC-£ AND SELL THIS REPORT 



A Feasibility Study of Using Oxygen Enrichment for 
Fuel Cell Air Independent Propulsion 

G.A. Clark and M.J. Rowan 

Ship Structures and Materials Division 
Aeronautical and Maritime Research Laboratory 

DSTO-TR-0397 

ABSTRACT 

It is shown that the output power from a polymer electrolyte membrane (PRM) fuel 
cell oxygen follows a quadratic relationship with increasing oxygen concentration. 
Using this information, a potential application of using oxygen enrichment membrane 
technology for an air breathing fuel cell was investigated. The system chosen was a 
hypothetical PEM fuel cell powered air independent propulsion system in a 
conventional diesel electric submarine. A simple model of the system was made using 
linear programming. The results showed that using existing membrane technology for 
oxygen enrichment of the incoming air stream, two compressor stages were required 
whose power requirements were too great for the system. A 30% improvement over 
existing molecular selectivity in membrane oxygen enrichment technology would 
allow a single compressor stage, however, 40% of the fuel cell power would still be 
needed to power the required compressor stage. 
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A Feasibility Study of Using Oxygen 
Enrichment for Fuel Cell Air Independent 

Propulsion 

Executive Summary 

Ongoing research and development of several technologies worldwide has centred on 
improving the underwater endurance of conventional diesel electric submarines. 
Throughout a mission a diesel electric submarine has to frequently recharge the 
submarine storage battery sets. Battery recharging requires the submarine to surface or 
snorkel close to the surface to obtain air to operate the onboard diesel generator sets. 
During battery recharging the submarine is most vulnerable to detection by a number 
of anti-submarine warfare techniques. 

Extending the underwater endurance of a submarine, thereby reducing the frequency 
and duration of battery charging, increases its operational effectiveness. One viable 
technology for providing extended underwater endurance is solid polymer electrolyte 
fuel cells (SPEFC) currently being investigated at the Aeronautical and Maritime 
Research Laboratory. 

Normal operation of an SPEFC AIP system utilises hydrogen and oxygen as the fuel 
and oxidant respectively to produce DC power when then submarine is fully 
submerged. However, a SPEFC can also operate on hydrogen and air if configured to 
do so. Therefore, it has been suggested that the operating effectiveness of a submarine 
could be further enhanced by incorporating an oxygen enrichment plant (OEP) into 
the SPEFC system. By doing this a submarine when surfaced or snorkelling to recharge 
the batteries could operate the SPEFC on hydrogen and air which could be used to 
supplement part (or all) of the normal power drawn from the batteries or diesel- 
generator sets for ancillary equipment and the hotel load. The potential advantages 
being: 

• higher chemical to electrical energy conversion with a commensurate lower 
thermal signature from the submarine 

• quieter operation when snorkling or surfaced. 

However, fuel cell performance using air as the oxidant is lower than operation with 
pure oxygen. This report investigates the potential of oxygen enrichment technology to 
improve fuel cell performance in potential SPEFC AIP systems. 

The 5kW SPEFC system located at AMRL was modified to simulate various enriched 
oxygen conditions of the incoming oxidant stream to determine the effect on output 
power. It was shown experimentally that power output from the SPEFC increased 60% 
when operating on hydrogen and oxygen enriched air (50% oxygen) compared with 
standard hydrogen and air operation. This was 85% of the power obtainable on pure 
oxygen and hydrogen and at a technically attainable level of oxygen enrichment. 



Two conceptual models were developed to determine the system requirements for a 
submarine of approximately 3300 tonnes displacement. The first model was based on a 
commercially available dual stage oxygen enrichment plant. The second model was 
based on a hypothetical single stage plant. Linear programming was used to optimise 
system performance and operating parameters. 

It was shown that with existing dual stage membrane technology it would not be 
feasible to enrich air on a conventional submarine for purposes of an SPEFC AIP 
system. Single stage modelling indicated that approximately 40% of the output power 
from the SPEFC would be consumed during operation. Clearly this is impractical. 
Hence, the limitations arising from existing and possible future developments of 
oxygen enrichment membrane technology indicate that it would be inappropriate to 
apply this technology to an AIP equipped submarine. 
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1. Introduction 

Operating effectiveness of military submarines depends greatly on their ability to 
operate covertly and independently. Significant research and development world-wide 
is continuing on developing techniques to reduce the detectability of submarines. 
Minimising a conventional submarine's operating signature is becoming increasingly 
important as anti-submarine warfare (ASW) systems become more sophisticated. 

A conventional submarines vulnerability to detection is greatest during periods when 
surfaced or snorkelling to recharge the submarine storage batteries. The batteries are 
recharged using the onboard diesel-generator sets. The diesels emit high temperature 
exhaust gases and engine noise that are vulnerable to detection by thermal and 
acoustic sensing devices. In such cases, the submarine is also vulnerable to visual or 
radar detection. 

One way of improving the covertness and evasiveness of a submarine is to increase its 
underwater endurance capability. In the case of conventional submarines, this could 
be achieved by installing an air independent propulsion (AIP) system that could 
provide part or all of the propulsive power whilst submerged[l]. Fuel cells, Stirling 
engines[2], closed cycle turbines and closed cycle diesels(CCD) have been identified as 
possible AIP systems for conventional diesel electric submarines. The first two 
candidates are under active investigation at the Aeronautical and Maritime Research 
Laboratory (AMRL) to determine their suitability for diesel electric submarines. 

Of the six types of fuel cells that are or have been investigated for marine vessel 
applications, solid polymer electrolyte fuel cells (SPEFC) have been identified as the 
most suitable fuel cell system for military submarine applications [3]. A SPEFC 
produces power by electrochemically combining a fuel and oxidant. The fuel, pure 
hydrogen can be stored on board a submarine in a number of ways, such as liquid 
hydrogen, gaseous hydrogen absorbed in metal hydrides or obtained by reforming a 
liquid hydrocarbon such as methanol. Liquid oxygen is the preferred method of 
storing the oxidant. 

It has been estimated that a conventional submarine of 3300 tonnes displacement 
would typically require an AIP stored energy capacity of 100 MWh [1,4]. It has also 
been shown in these reports that this amount of energy would provide about a four- 
fold increase in the submerged endurance. 

This paper considers a further enhancement of a conventional submarine equipped 
with a SPEFC AIP system. As a SPEFC system can operate on either hydrogen and 
oxygen or hydrogen and air it is suggested that the operating envelop of a SPEFC AIP 
system would be enhanced if an oxygen enrichment plant (OEP) was incorporated into 
the AIP system. Thus a submarine with sufficient hydrogen storage could snorkel to 
obtain air not only for operating the diesel-generator sets but also for the SPEFC. 



DSTO-TR-0397 

Consequently, a fuel cell of sufficient power1 could assist the recharging of the 
batteries and/or power the submarine near the patrol area with lower thermal and 
noise signatures than normally produced by the diesel generators recharging alone. 
Alternatively, it could apply to a mono-boat2 where the diesel engines have been 
removed and the submarine is powered solely by a combination of fuel cells and 
batteries. In this scenario, the fuel cell power would also use snorkelling to obtain 
oxygen from the air to generate power and recharge the batteries. 

The operating characteristics of a SPEFC utilising air instead of pure oxygen has two 
shortcomings: 

• for an equivalent demand for oxygen, the air flow must be at least 5 times the pure 
oxygen flow due to the lower concentration of oxygen in the air (21% compared to 
100% oxygen) 

• even with the increased oxidant flow, the maximum continuous power output 
from the fuel cell is reduced to approximately 40% of the power when operating 
with pure oxygen [5]. 

These disadvantages may be reduced if the oxygen concentration of the incoming air 
stream can be increased by utilising an OEP. However, oxygen enrichment will only 
prove advantageous if the power required to increase the oxygen concentration of the 
air is significantly less than the increase in output power from the SPEFC due to the 
oxygen enriched air stream. 

This report presents the results on the performance of a SPEFC when the air flow was 
enriched in oxygen. The results were then applied to evaluating the benefits of adding 
an OEP to a fuel cell AIP system installed in a conventional diesel electric submarine of 
3,300 tonne displacement and also a hypothetical mono-boat. 

2. Oxygen Enrichment System 

Maximising the power output from the fuel cell whilst snorkelling can be achieved by 
enriching the oxygen concentration of the air stream prior to consumption in the 
SPEFC. Several commercial oxygen enrichment systems are available that are used in 
hospital and industrial applications for the on site generation of oxygen or nitrogen 
enriched air from pressurised air lines. 

1 Clark[4] has shown that it is possible a install a fuel cell with >1.4 MW of power in a 
conventional 3,300 tonne submarine. This level of power would be sufficient to recharge at least 
half the batteries stack whilst also providing submarine hotel and propulsive power. 
2 It should be noted that in a mono-boat the fuel cell stack power would need to be multi- 
megawatt for a submarine of 3,300 tonnes displacement. 
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The oxygen (O2) enrichment system that is readily available and appears to be most 
suited to a submarine environment is the permeable membrane technique. This 
enrichment technique is efficient, requiring minimal mechanical components as only 
pressurised air is required for its operation. Subsequently, it is a technology that 
appears to be well suited for operation aboard a submarine due to its simplicity and 
efficiency. 

2.1 Technology Description 

An efficient method to enrich the oxygen concentration of the air stream is to pass the 
incoming air through a series of membranes where there is a preferential diffusion rate 
for oxygen through the membrane over the other gases in the air, viz. nitrogen [6]. A 
number of commercial oxygen enrichment systems are available that are capable of 
increasing the oxygen concentrations up to 50% [7,8]. Separation of the different gases 
is achieved by preferential diffusion of the gas species through the membrane material 
(Fig 1). A single pass through such membranes can enrich the oxygen concentration in 
the air to 35% and with a second stage of filtering, a 50% concentration can be 
achieved. Similarly, if an enriched nitrogen stream is wanted, say for smothering a 
fire, a single pass will yield an "air" flow with 95% nitrogen with 99.5% obtainable with 
further filtering [7]. 

Perforated Cartridge Wall /\   Oxygen Enriched Air 

Air In 

 ■■■■■■ ■ liliniiii MIII  

Nitrogen Out 

€> 

Hollow Fibre Membrane 

Air In 
Nitrogen Enriched Flow 

Nitrogen, Oxygen, Carbon Dioxide 

and water. 

Figure 1.   Oxygen/Nitrogen Enrichment using Membrane Technology with a Hollow Fibre 
Configuration. 
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Other methods of oxygen enrichment such as pressure swing absorption or continuous 
magnetic separation [9] are either energy intensive or have not yet become a 
commercial product. 

2.2 Experimental Simulation of Membrane Oxygen Enrichment 

As a means of evaluating the potential of using an OEP to increase the operating 
envelop of a SPEFC system, the existing oxidant supply line to the 5 kW SPEFC 
purchased by AMRL was modified to provide a variable control on the oxygen-to- 
nitrogen concentration of the incoming oxidant gas stream supplied to the fuel cell 
stack. The specifications of the AMRL fuel cell power supply (FCPS) are listed in 
Appendix 1. 

The output voltage and current of the fuel cell were recorded whilst the oxygen 
concentration in the gas flow was increased from 21%(air) to 100%3. The oxygen 
concentration was measured by a Servomex paramagnetic oxygen sensor whose 
accuracy was better than 1%. A schematic representation of the experimental 
arrangement is shown in Figure 2. 

Hydrogen —S1 
Pressure Regulator 

^—(^ITMHUS} 

Gas Re-circulating 
Pump 

Vent 

Oxygen 

Resistive Load 

Figure 2.   Experimental   Oxygen Enrichment System to Simulate Oxygen Enrichment by 
Membrane Diffusion. 

3 Membrane technology is continually developing and membranes offering higher enrichment 
concentrations than 50% may become available in the foreseeable future. 
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The FCPS was operated in a flow through mode for the oxidant flow (Fig 2). In this 
mode, the oxidant gas had a single pass through the stack . Oxygen not consumed by 
the stack was exhausted out of the stack and vented to the atmosphere4. The internal 
oxidant pressure of the stack was controlled between the input pressure of 350 kPa and 
a back-pressure regulator on the oxidant exit of the stack set at 250 kPa. The 100 kPa 
pressure drop in the stack was due to the flow of the gas through the internal gas 
manifolding of the stack. The mixture of 02 and N2 gas entering the stack was 
maintained at a constant flow of 68 1pm. 

The flow of pure hydrogen was operated in a closed loop mode at a constant pressure 
of 350 kPa. The unconsumed hydrogen exiting the stack was recirculated back through 
the FCPS (Fig 2.). 

The electrical resistive load for the stack output was decreased in steps from an initial 
open circuit until the lower voltage limit (0.4V) of any individual cell voltages was 
reached. Curves of the stack output voltage versus the output current (known as 
polarisation curves) were obtained for the operating temperature of 50°C. This 
temperature was chosen instead of the maximum air/hydrogen operating 
temperature of 54°C as the results could be compared to earlier results of 
hydrogen/oxygen operation [10]. 

2.3 Experimental Results of Oxygen Enrichment 

Figure 3 displays the effect on the polarisation curve of changing the oxygen 
concentration. It is clearly seen that the stack voltage increased in the linear resistive 
region of the polarisation curve with increasing oxygen concentration. 

4 An alternative mode of operation is the closed loop mode. In this mode pure oxygen exiting 
the stack is recirculated back through the stack. This mode was not used for the enriched air as it 
would result in the oxygen component of the gas being consumed in the stack with a 
commensurate increase in the nitrogen concentration as the nitrogen is not consumed. 
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Stack Voltags vs %Qcygsn Concentration 
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Figure 3.   Polarisation curves of the fuel cell at different oxygen enrichment levels. 

Using Origin software [11] a multiple regression analysis determined the formula to 
each curve. The formula was in the form of the Nernst equation: - 

E = Eo + Alog10(i) + Bi (1) 
where, 

E is the stack voltage, 
Eo is the open circuit voltage, 
i the stack current (amperes), 
A is Tafel constant (ohms/decade) and, 
B is the total system resistance of the stack membranes (ohms) 

Table 1 lists the formulae coefficients for the different oxygen concentration. 
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Table 1. Formulae coefficients for the different concentrations of Oi. 

E0 
Tafel constant System 

% OXYGEN (volts) Co-eff "A" Resistance 
(ohms/decade) Co-eff. "B" 

(ohms) 
100 25.93 -2.201 -0.0147 
90 25.51 -1.837 -0.0174 
80 25.9 -1.866 -0.0181 
70 25.80 -1.972 -0.0194 
50 25.55 -1.697 -0.0242 
40 25.16 -1.649 -0.0246 
35 25.42 -1.732 -0.0258 
30 25.32 -1.629 -0.0304 

21 (Air) 24.84 -1.375 -0.0398 

From the experimental data, the output power was calculated for each level of oxygen at a stack 
voltage of 17.5 volts. At 17.5 volts the average cell voltage would be 0.7 V which is a typical 
cell operating voltage for a SPEFC under continuous load. 

For purposes of measuring any increase in performance, the polarisation curve of the FCPS 
operated with 100% hydrogen and 100% oxygen in a closed loop mode at 50°C with reactant 
inlet pressures of 350 kPa (Fig 4) was used. 

H2 & 02 @ 350kPa, Stack Tenp 50C 

400 

StakQnrert: (Amps) 

Figure 4.   Polarisation curve of FCPS operating in closed loop mode with 100% hydrogen and 
100% oxygen at 50 °C, 350 kPa stack pressure. 
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Output power at 17.5 volts in the closed loop mode was 3.71 kW [Fig 4] which was 
approximately 5% less than the maximum power obtained with 100% oxygen open 
loop configuration. This lower level of power may be explained by the fact that the 
flow in the closed loop mode (<30 1pm) is less than the flow through mode (68 1pm). 
The greater flow would be expected to account for a slightly higher output power due 
to the increased turbulence at the membrane walls possibly leading to a greater 
reaction rate5, a lower oxygen concentration polarisation or better gas diffusion at the 
electrode due to product water being swept away or a combination of all three. Figure 
5 shows the output power as a function of oxygen concentration for the flow through 
mode. 

4000 

3500 

3000 

2500- 

2000 

40 60 80 DO 

%Q^gen Concentration 
fil epcwerric.org 

Figure 5.   Output power from the fuel cell (@17.5 volts) as a function of oxygen enrichment at 
50 °C temperature, 350 kPa stack pressure. 

2.4 Experimental Conclusions 

The results have shown that enrichment of the oxidant stream above the 21% level of 
oxygen in the air will produce an increase in the output power of a SPEFC. Figure 5 
clearly shows that at the 35% and 50% levels of oxygen (both levels easily obtainable 
with an OEP) the output power is 75% and 85% of that achieved on 100% oxygen in a 
closed loop (recirculating) mode compared to 53% when operating on air. 
Alternatively, there was a 40% and 60% increase in power when operating on 35% and 
50% oxygen enrichment respectively over standard air operation. 

5 A higher output power is also evident with the fuel cell stack in closed loop mode (gases 
continually circulating) than in dead ended mode where H2 and 02 are not circulating within 
the stack. 
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Equation (2) shows the relationship between power output ("P") and the percentage 
oxygen concentration ("C") derived from fitting a 2nd order polynomial equation to 
the results. This equation holds for the operating temperature of 50°C at the specified 
inlet pressure of 350 kPa and flow of 68 1pm. 

P =-0.227C2 + 49.28C + 1199.6 (2) 

3. Implications of Oxygen Enrichment for a 
Conventional Submarine with AIP 

The experimental results show clearly the performance advantage of oxygen 
enrichment for a SPEFC required to operate on air. In practice this increased 
performance will be reduced by the energy required to supply the pressurised air to 
the OEP and the fuel cell stack. 

However, oxygen enrichment provides the potential for : 

• increased operational effectiveness of SPEFC AIP equipped submarines 

• the capability of quieter snorkelling with less infra-red signature when recharging 
of the batteries using diesels and fuel cells 

• very quiet snorkelling with a significantly reduced infra-red signature if the fuel 
cell stack is only used to recharge batteries6. The submarine's infra red signature 
would be reduced due to the lower operating temperature of the fuel cell (~80-90 
°C) and the lower amount of waste heat generated7. A low noise signature would 
be achieved by using quiet electric powered turbine compressors. 

It has previously been determined that a SPEFC system would fulfil all of the 
operational endurance requirements of an AIP system for a conventional submarine 
[1,4]. In the following sections we investigate the requirements of adding a OEP 
onboard an AIP equipped submarine and the energy requirements for powering the 
OEP system. 

6 The indiscretion ratio in such cases would depend on the amount of power available to 
recharge the batteries. Fuel cell power levels would need to be multi-megawatt to equal the 
diesel generators. 
7 Fuel cells would be operating at approximately 1 MW at 59% efficiency compared to 35-40% 
efficiency of diesels. 
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3.1 Modelling Scenario 

In modelling the system of oxygen enrichment for a fuel cell equipped submarine we 
also consider extra storage for the hydrogen fuel. Simple calculations quickly show 
that it would not be possible to store sufficient hydrogen for the transit out or transit in 
from the patrol areas based on the Royal Australian Navy mission profiles [12]. 

As the submarine would not be able to carry sufficient hydrogen for the transit section 
of an operational tour, the use of OEP would only be advantageous for snorkelling in 
the patrol areas, eg. near a shoreline or coastal boundary where very long term 
surveillance was required. As a consequence, snorkelling may be necessary for battery 
recharging but very low thermal and noise signatures would be desired. For example, 
an AIP submarine would ideally enter the patrol area with nearly fully charged 
batteries and operate on a combination of batteries and fuel cell to obtain the 
maximum endurance approximately four times longer than battery operation 
alone [1,4]. 

However, for maximum operational effectiveness a submarine commander would 
prefer the storage batteries to be at or close to maximum capacity (for that period of the 
mission) at any time to enable high speed manoeuvring if required. An OEP system 
combined with a suitably sized fuel cell system may offer the commander the option to 
recharge his batteries, especially at night, within or very close to the patrol area rather 
than completely withdrawing from the area. 

3.2 Modelling of OEP for an AIP Equipped Submarine 

The modelling investigated the requirements of an OEP designed to provide enriched 
(50% 02) air to the submarines fuel cell stack. The output power of the stack would 
assist the diesel charging of the submarines batteries whilst the submarine is 
snorkelling. Data from commercial equipment for the OEP system and auxiliaries were 
used in the model. 

A fuel cell system operating with an oxygen enrichment system will require a 
minimum of 1 MW of useable output power to assist in charging the submarines 
batteries during snorkelling operations. Using an OEP yielding enriched air with a 
50% oxygen concentration, a fuel cell will achieve 85% of the power achievable in the 
normal closed loop AIP operational mode. From this 85% of achievable power, must 
come the power to run the compressor(s) to pump air through the OEP in addition to 
the 1 MW to charge the batteries and another 7.5% of the maximum closed loop power 
to run the fuel cell auxiliaries [13]. Before the required compressor power can be 
calculated, the general OEP-SPEFC system design must be determined. 

10 
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3.2.1 System Design 

Figure 6 shows a schematic of a hypothetical oxygen enrichment system. 

Waste Nitrogen Exhaust 

Air from 
Snorkel 

Particle Filter Compressor Stage No. 1 
Membrane Filter 

Stage No. 2 
Membrane Filter 

Fuel Cell 

Figure 6. Conceptual oxygen enrichment system for a conventional submarine. 

Commercial data on filters [14], compressors [14] and an OEP [7] were used to 
determine the pressure drops throughout the system8. The rotary screw compressor(s) 
would produce 700 kPa at their nominal flow and this was calculated to be sufficient 
pressure to feed the fuel cell stack with 350 kPa 50% oxygen enriched air. However, 
the difficulty with such a system is the required energy to compress the incoming air 
that is fed into the oxygen enrichment system. The quantity of air required from the 
snorkel is 7.47 times the flow of enriched air that finally enters the fuel cell stack. 
Knowing that at the very least, 1 MW of power9 was required, the required 50% 
enriched air flow for the fuel cell stack was determined from the experimental gas flow 
and equation 2. The required mcoming air flow would then be over 2700 1/s and 
require a compressor needing greater than the 1 MW of electrical power generated 
from the fuel cell stack. Consequently, with the current oxygen enrichment membrane 
technology it is not a feasible proposition for an AIP submarine system. However, this 
conceptual model was conducive to modelling using linear optimisation techniques. 
This allowed the system to be quickly investigated to determine what requirements 
were needed for the system to be feasible for a submarine. 

A major drawback the present system has is that two oxygen enrichment stages are 
required to attain the 50% enrichment level with each section causing significant 
pressure drops and requiring significant intake of air in the first stage. The only 
manner in which an OEP appeared to be feasible was if membrane technology 
improved so only a single pass was required to achieve 50% oxygen. Although entirely 
hypothetical, it was considered worthwhile to investigate if such a OEP system would 
be useful. 

The model was modified from the original conceptual system of a double pass through 
the enrichment membranes to a single pass that would yield 50% oxygen. This would 

8 Pressure drops in pipes were ignored as large bore piping would be used with relatively short 
lengths. 
9 This does not consider auxiliary or compressor power requirements. 

11 
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require the oxygen enrichment membrane technology to increase from the current 
61% diffusion of the available incoming oxygen to 79%. Initially this concept suggests a 
lowering of the required pressure with a commensurate decrease in the compressor 
power. However, a membrane with a high selectivity may also require a higher 
pressure to operate. Therefore, the pressure drop experienced with two stages was left 
unchanged, but the level of the inlet flow was decreased due to the decreased number 
of enrichment stages. 

Optimising the results for the minimal fuel cell stack power required to provide 1 MW 
to the batteries on 50% enriched air, a solution was obtained: - 

• Fuel cell stack power (02 & H2): 2.56 MW 
• Total power on 50% enriched air: 2.18 MW 
• Auxiliary power: 0.19 MW 
• Power required for compressor: 0.98 MW 
• Flow of inlet air: 2,400 1/s 
• Flow of 50% enriched air: 800 1/s 

The model was extended to investigate a range of battery recharging output powers up 
to 5 MW. The higher power levels would be relevant to mono-boats where the fuel cell 
stack would need to have sufficient power to recharge the batteries on their own. 
Figure 7 shows the results graphically. The compressor power requires approximately 
40% of the total power obtained from the fuel cell stack when using 50% enriched air. 
Therefore a mono-boat of approximately 3,300 tonnes would require nearly 13 MW of 
fuel cell stack power when using pure O2 in order to achieve sufficient power from 
running a hypothetical single stage 50% OEP to charge the submarine batteries10. 

Power (MW) 

-Stack Power (100% 02) 

-Compressor 

-Enriched Air Power 

-Auxiliary Power 

2 3 4 

Recharging power (MW) 

Figure 7.   Compressor power, auxiliary power and required fuel cell stack power versus net 
battery recharging power on 50% enriclied air (hypothetical single stage OEP). 

w Equal to diesel recharging and the same indiscretion ratio. 

12 
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4. Summary and Conclusions 

It has been demonstrated that enriched air supplied to a fuel cell will provide a 
commensurate increase in the output power of the fuel cell stack. Oxygen enrichment 
to levels of 35% and 50% that are commercially available, will yield output power 
levels of 75% and 85% respectively of that obtainable on 100% oxygen. For a given gas 
flow, pressure and temperature, the output power follows a quadratic relationship 
dependent on the level of oxygen enrichment. 

When oxygen enrichment by current membrane separation technology was applied to 
an AIP system, the required compressor power level was too great for the system to be 
viable. Further analysis revealed that the system could be made feasible if the 
membrane separation technology was improved to allow a single stage of enrichment 
that would reduce compressor power requirements. However, the membrane 
technology would have to improve by approximately 30% in its selective molecular 
diffusion. Even in this case, the compressor power requirements would consume 
approximately 40% of the SPEFC power output obtained when using 50% enriched air. 

As a result of the existing limitations arising from present SPEFC and membrane 
separation technology it is impractical to consider the application of oxygen 
enrichment of the air for AIP equipped conventional submarines of 3,300 tonnes 
displacement. 
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Appendix 1 

Specifications of the Energy Partners Solid Polymer Electrolyte Fuel 
Cell. 

Membrane: Nafionll7 
Active Area/ plate 780.4 cm2 (0.84 sq ft) 

Operating Pressure 288-412 kPa  (40-60 psi) 
Number of Cells 25 
Peak Output Power    (02/ H2 operation) 5.5 kW 

(Air/H2 operation) 3.0 kW 
Maximum continuous power    (02/H2 operation) 4.0 kW 

(Air/H2 operation) 2.5 kW 
Maximum Operating Temperature  (02/ H2 operation) 71 °C 

(Air/H2 operation) 54 °C 
Hydrogen consumption, (02/H2 operation) 1 litre/sat 5 kW 
Oxygen consumption, (02/H2 operation) 0.51itres/sat5kW 

Fuel Cell Stack   , 

Tf-»*"™^ '■   __J-
>
I ■ .:! ^ ^f-■        V          «.l,h~- 

|-       'I          . ^ ,.,..:,..;■■ 
-                                        |                                            Ä                                                                                      .......         •                     ■                                    • 

B.^J 

Figure 8.   Picture of the MRL Fuel Cell Power System manufactured by Energy Partners, 
West Palm Beach, Florida.. 
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Appendix 2 

Linear programming equations 

The linear optimisation was performed using QSB+ software [15]. 

The linear equations used are listed and described below. Power units are kW and 
flow in 1/s. 

Minimise 1POW 
Subject to 

-0.85*ENPOW + l*POW <= 0 (1) 
(1) equates the power on 50% enriched air to be at least 85% of power on 100% oxygen. 
-0.3661*ENPOW + l*FLOW >= 0 (2) 
(2) relates the power on 50% enriched air to the inlet flow to the fuel cell stack11. 
1*ENPOW-1*COMP-0.075*POW>= 1000 (3) 
(3) The power on enriched air is to he at least equal to 1000 kW after the compressor power and 
auxiliary power requirements are subtracted. 
-l*COMP + 0.4113*INFLOW = 1.94 (4) 
(4) equates the power of the compressor to the flow of air into the system12. 
-7.47*FLOW + l*INFLOW =0 (5) 
(5) equates the inlet flow of air to the final flow of 50% enriched air into the fuel cell stack. 

The above equations modelled the double stage enrichment scheme and would not 
solve due to the large compressor power required. In modelling a single stage of 
enrichment (to 50%), only equation (5) was changed: - 

-3.01*FLOW + 1*INFLOW = 0 (5) (single stage of enrichment) 

11 This was derived from the known output power of the fuel cell on 50% enriched air at 68 1/m. 
12 This was derived from a linear regression fit to the graph of compressor pumping power 
versus gas flow at 700 kPa output pressure. The data was obtained from Champion 
Compressors [14]. 
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